We propose a new configuration for an optical thermally assisted magnetic recording (TAMR) head. The configuration allows us to place an optical near-field spot close to a magnetic write pole. In this system, we use a Focusing Waveguide integrated into a flying slider and a metal plasmon antenna attached to the bottom surface of the waveguide. With the proposed configuration, the intensity of the optical near-field spot peaks when the optical near-field spot is placed at the clad of the Focusing Waveguide. As a result, we can decrease the distance between the optical heating spot and the magnetic write pole. We present some simulation results of optical near-field generation. The distance between the near-field spot and the magnetic pole is decreased to 120 nm. This configuration is useful in decreasing the time lag between optical heating and magnetic writing.
Introduction
In the field of magnetic recording, there has been considerable interest in thermally assisted magnetic recording (TAMR) systems for scaling the recording density beyond 1.55 Pbit/m 2 (1 Tbit/inch 2 ) 1) -8) . A heating spot with a diameter of less than 25 nm is required to achieve an areal density of over 1.55 Pbit/m 2 for the TAMR system. One method of realizing a small heating spot on the recording medium is to use a near-field optical device. There have been many studies of integrated TAMR systems using near-field optical devices 1)-6) . Previously, we proposed an optical TAMR head using a "Focusing Waveguide" (a waveguide-type spot size converter) 7) . In that paper, the design of the Focusing Waveguide was described and a focusing ratio of 10:1 was demonstrated. We also demonstrated the possibility of realizing optical near-field generation by using a plasmon antenna mounted on the bottom surface of the Focusing Waveguide.
One important issue for the TAMR system is to place the heating spot close to the magnetic pole, because a large offset between the heating spot and the magnetic pole may cause a degradation of the writability. To place the heating spot close to the magnetic pole, one can place the waveguide core close to the magnetic pole because, in general, the optical near-field is generated around the center of the waveguide core. However, the distance between the core and the magnetic pole is limited by the propagation loss due to the absorption of the magnetic pole 1) . As will be describe in a later section, we estimated the limit to be about 300 nm. This value is not sufficiently short for a TAMR system.
In this paper, we propose a new configuration of a plasmon antenna. The design allows us to position the generation point of the optical near-field outside of the waveguide core, thus enabling the optical near-field to be placed very close to the magnetic pole. We have considered that the electric field distribution of the Focusing Waveguide might cause this particular phenomenon. We have demonstrated the new design by means of finite-difference time domain (FDTD) simulation. The TAMR head with the Focusing Waveguide is described in section 2. The simulation results are presented and discussed in section 3.. at the prism surface and enters into the Focusing Waveguide which is integrated into a flying slider. The optical spot diameter of the light is reduced to about one tenth in the Focusing Waveguide. The sufficiently small optical spot then illuminates a plasmon antenna mounted on the bottom surface of the Focusing Waveguide. The plasmon antenna generates an optical near-field of 30 nm in diameter, which is used as the light source of the TAMR system. Figure 2 shows the structure of the Focusing Waveguide, which consists of three parts, namely, the silicon core, the SiOx core, and the clad made of SiO2. The optical spot diameter of the light is reduced while the light propagates through the waveguide from the SiOx core to the Si core because of the mode conversion due to the tapered structure of the Si waveguide. The Focusing Waveguide can convert the spot size from 4 μm to 0.4 μm with a loss of less than 1 dB 9) . The typical taper length is 200 μm and the loss of the waveguide depends on the taper length 9) .
3. Simulation results and discussion 3.1 Minimum distance between the waveguide core and the magnetic pole First, we discuss the minimum distance between the waveguide core and the magnetic pole. The geometry of the waveguide core and the magnetic pole is shown in Fig. 3 . The figure shows the bottom portion of Fig. 2 (the magnetic pole is not shown in Fig. 2 ). Since Fig. 3 represents the region near the bottom surface of the Focusing Waveguide, the light propagates only in the silicon core. To place the optical near-field spot close to the magnetic pole, the core must be placed as close as possible to the magnetic pole. However, the propagation loss of the waveguide will increase when we place the magnetic pole close to the waveguide core, because of the absorption of the magnetic pole 1) . In order to determine the minimum distance, we calculated the propagation loss of the waveguide by means of the finite element method (FEM). Figure 4 (a) shows a cross-section of the bottom surface of the Focusing Waveguide, which is used in the FEM simulation. In the figure, Dp represents the distance between the magnetic pole edge and the core edge. Figure 4 (b) shows the calculated propagation loss as a function of Dp. In this calculation, the material of the magnetic pole is assumed to be cobalt. The cross-sectional dimensions of the silicon core and the cobalt pole are assumed to be 300 nm × 300 nm and 300 nm × 150 nm, respectively. The refractive indices of silicon and cobalt are taken to be 3.48 and 4.44 + i5.75, respectively. The wavelength is assumed to be 1.5 μm. Figure 4 (b) clearly shows a decrease in the propagation loss with an increase in Dp. The propagation loss decreases from 5.1 dB/μm at Dp = 20 nm to 0.04 dB/μm at Dp = 300 nm. To avoid a serious propagation loss, the minimum distance Dpmin was assumed to be 300 nm. Positions of the magnetic pole and waveguide.
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To generate a small optical near-field spot, a plasmon antenna is mounted at the bottom surface of the Focusing Waveguide as shown in Fig. 5(a) . In general, the optical near-field spot is generated efficiently around the center of the waveguide core. However, in that case, the minimum distance Dpmin discussed in the previous section is not short enough for the TAMR system to use. Therefore, we designed a new configuration of a plasmon antenna by means of FDTD simulation. In this simulation, the distance between the core edge and the magnetic pole edge is set to 300 nm (Dpmin). Since the effect of the magnetic pole is small at this distance, as shown in section 3.1, the magnetic pole is neglected in this FDTD calculation. The polarization direction is vertical to the substrate (x-polarization). The material of the plasmon antenna is gold, which has a broadband plasmon enhancement factor. The plasmon antenna is trianglular, and has a length of 300 nm. The top angle and the thickness of the structure are 40° and 40 nm, respectively. The direction of the triangle is set to be the same as the polarization direction, in order to generate the optical near-field efficiently. The position of the plasmon antenna is defined by the distance between the apex of the triangle and the magnetic pole edge (D1). D1 represents the distance between the heating spot and the magnetic writing spot, because the optical near-field spot is generated at the apex of the triangle, as shown in Fig.5(b) . Figure 5(c) shows the intensity of the optical near-field spot as a function of D1. The intensity of the optical near-field spot is normalized by the intensity, which is calculated without the plasmon antenna. In Fig. 5(c) , the intensity of the optical near-field spot peaks at D1 = 120 nm, where the optical near-field spot is generated in the clad region. Therefore, the heating spot is 330 nm from the center position of the waveguide core and approaches within 120 nm of the magnetic pole. Figure 6 shows the distribution of the electric field intensity when D1 is 120 nm. As a result, it is confirmed that the heating spot can be placed very close to the magnetic pole by using our proposed configuration.
Discussions
Using the Focusing Waveguide, we can place the optical near-field spot close to the magnetic pole. This is most likely due to the electric field distribution of the Focusing Waveguide itself. To obtain a better interpretation, we calculated the electric field distribution of the bottom of the Focusing Waveguide by means of FEM. Figure 7 shows a cross-section of the bottom surface of the Focusing Waveguide. The wavelength is assumed to be 1.5 μm. The refractive indices of the SiO2 substrate, Si core, and SiOx clad are 1.44, 3.48, and 1.47, respectively. The dimensions of the Si core are assumed to be 300 nm × 300 nm. The polarization direction is assumed to be vertical to the substrate (x-polarization). The main component of the electric field is in the x-direction (Ex). The simulation result is shown in Fig. 8 . The electric field intensity peaks at the center of the core and at the boundary of the core and the clad. It is interesting to note that the peak of the electric field intensity occurs at the boundary of the core and the clad. This is due to the boundary condition of the electric flux density. Basically, as the difference in the refractive index between the core and the clad is increased, the electric field intensity near the boundary of the core and the clad should become larger. The Focusing Waveguide has a high refractive index difference between the Si core and the SiOx clad. Therefore, a strong electric field intensity occurs near the boundary of the core and the clad. If we place the plasmon antenna at the boundary of the core and the clad, we can apply a strong electric field to the plasmon antenna and generate a strong optical near-field spot. Using this configuration of the TAMR head, we can place the optical near-field spot close to the magnetic pole and generate a strong optical near-field spot.
Conclusion
We have proposed a new configuration of an optical TAMR head in order to place the optical heating spot close to the magnetic pole. Some simulations of the optical near-field spot generation have been described. This configuration is useful in decreasing the time lag between the optical heating and the magnetic writing. Using this configuration, we will be able to improve the writability of the TAMR system. For further work, it is necessary to confirm if the heat spot still be as small as the optical near-field spot size in the magnetic medium. A thermal simulation of the magnetic medium and an experimental demonstration are tasks for future work. 
